Abbreviations used: ATP -adenosine triphosphate; ERK -extracellular signal-regulated kinase; FAK -focal adhesion kinase; FoxO -fork headbox O proteins; HIF -hypoxiainducible factor; MALDI-TOF -matrix-assisted laser desorption/ionization time-of-flight; MAPK -mitogen-activated protein kinase; MeCN -methyl cyanide; MINOS (mitochondrial inner membrane organizing system; PEA -poly(ethyl-acrylate); PMA -poly(methylacrylate); 3T3-L1 -fibroblast cell line 3T3-L1 investigated the impact of polystyrene and fluorocarbon cultureware dishes on the proteomic profile of differentiated 3T3-L1 preadipocytes. After expansion and differentiation of cells on appropriate cultureware dishes, cell lysates were separated using two-dimensional gel electrophoresis and proteins were visualized with Coomassie blue staining. Spots with the highest differential expression between the two culture conditions were subsequently analyzed using matrix-assisted laser desorption/ionization mass spectrometry and the identified proteins were subjected to pathway analysis. We observed that 43% of all spots were differentially expressed depending on the cultureware. Pathway analysis revealed that glucose metabolism, mitochondrial structure and cell differentiation, represented by 14-3-3 protein-mediated signaling and the mitochondrial inner membrane organizing system (MINOS), were significantly affected by cultureware material. These results indicate that cultureware material can have a profound effect on key adipocyte functional pathways. These effects modifications of the cells should be reflected in the design of in vitro experiments and interpretation of their results.
INTRODUCTION
The excessive accumulation of adipose tissue seen in obese humans is associated with increased overall and cardiovascular mortality [1, 2] and with higher incidence of cancer [3, 4] . Substantial advances have been made in understanding the mechanisms that link obesity with metabolic and cardiovascular conditions, including impaired regulation of lipolysis and changes in the profile of adipokines, i.e. proteins that are produced in the adipose tissue and have paracrine and/or endocrine effects [5, 6] . However, there is only a limited understanding of the molecular and endocrine pathways that cause adipocyte dysfunction and could be targets for effective pharmacological interventions. In vitro studies on primary adipocytes or 3T3-L1 preadipocytes are an indispensable tool for adipocyte biology research, even though interpretation and extrapolation of results to the complex environment of the body is often challenging. It is difficult or even impossible to replicate cell-to-cell interactions, the complex milieu of neuro-endocrine interactions, and tissue nutrient and oxygen gradients in vitro. The profound impact of such variables can be demonstrated by the rapid changes in the functional and phenotypic properties of various primary cells during in vitro culture [7, 8] . Surprisingly, little attention has been paid to the impact of the chemical and physical properties of the cultureware, neither in terms of the material type and structure nor as a result of the various surface treatments used to reduce surface hydrophobicity and promote cell growth [9] [10] [11] . Although the literature is underwhelming, it does suggest that cultureware properties can influence the biological properties of cultured cells [10, 12] . Furthermore, technological innovations combined with advances in molecular biology have led to the construction of specific cultureware surfaces that are compatible with cutting-edge technologies, such as live cell imaging or fluorescence microscopy. Taking into account the heterogeneity of adipocyte functions, the potential influence of cultureware properties and the broad variety of commercially available cultureware products, it is undeniable that interface issues could affect results at a fundamental level and thus must be taken seriously. For example, it is not known how adipocyte structure or function is influenced by cultureware and how this might influence the interpretation of results from in vitro experiments, help to explain different results between laboratories, or facilitate drug target development. While a given research group would typically perform comparisons of outcomes between exposed and control groups using identical types of cultureware, other research groups can of course choose different types, making comparative assessments of results from different labs difficult. Furthermore, the choice of cultureware may depend on the experiment, as various types have unique properties. The aim of this study was to examine differences in the protein expression and structural and functional properties of differentiated 3T3-L1 preadipocytes cultured using two different types of commercially available cultureware: standard polystyrene dishes and imaging dishes with a bottom made from a fluorocarbon membrane. We employed a hypothesis-generating proteomic approach to identify the differentially expressed proteins and subsequent analysis to investigate the affected cellular pathways.
MATERIALS AND METHODS

3T3-L1 cell culture and differentiation
Murine 3T3-L1 fibroblasts were obtained from Zen-Bio Inc. Cells were cultured on standard polystyrene dishes (Corning Life Sciences) or imaging dishes manufactured with a fluorocarbon film bottom (Sarstedt AG & Co) according to the manufacturers' instructions, and maintained in a CO 2 incubator at 37ºC and 5% CO 2 . The cells were expanded at cell passage number 11 for 4-5 days in T75 flasks (Nunc) containing preadipocyte medium PM1-L1 (Zen-Bio Inc.). Subsequently, the cells were harvested and plated using the appropriate cultureware (Sarstedt or Corning) at a cell density of 5000 viable cells/cm 2 and grown to confluence in PM1-L1. Afterwards, the culture medium was replaced with the Zen-Bio differentiation medium DM2-L1 and the cells were grown for 3 days. Then, the differentiation medium was replaced with the Zen-Bio adipocyte medium AM2-L1. As per the manufacturer's instructions, the Adipocyte medium was partially replaced every other day for 11 days. After 11 days, which was day 14 of differentiation, the cells lysates were prepared. Independent sets of cells were fixed for 30 min in 2% formaldehyde and subsequently double-stained with BODIPY 493/503 (Thermo Scientific) and Hoechst 33342 (Sigma-Aldrich) for 30 minutes. Digital images of the cultured cells were taken on a confocal microscope using a 20x dry objective (Leica TCS SP5, Leica Microsystems GmbH).
Basal lipolysis determination
Before the lipolytic experiments, differentiated cells were starved for 24 h in a serum-free basal medium (Zen-Bio Inc.). Subsequently, cells were incubated in Krebs ringer bicarbonate (KRHBA) buffer containing 10 mmol/l HEPES, 2% fatty acid-free bovine serum albumin and 6 mmol/l glucose at pH 7.4 for 1 h to recover and for 3 h to assess the basal (spontaneous) lipolytic rate. The glycerol released into the media was measured colorimetrically using a Sigma-Aldrich free glycerol reagent, and normalized to the total lipid content determined using quantitative Oil Red O staining (Sigma-Aldrich) as previously described [13, 14] .
Water contact angle determination
The water contact angle of the polystyrene and fluorocarbon cultureware was evaluated using a goniometric technique. Drops of Milli-Q water (300 µl) were pipetted onto a cultureware surface and digital images were taken using a camera that had been horizontally aligned with the surface. Three independent drops were measured for each cultureware surface. Images were subsequently processed using an Image J Software contact angle plug-in developed by Marco Burugnara of the Materials Science and Engineering Faculty of the University of Trento, Italy [15] .
Cell culture lysates
Cell lysates were prepared in 2-D Protein Extraction Buffer-V (GE Healthcare) supplemented with protease inhibitor cocktail (Roche) and phosphatase inhibitor cocktails 2 and 3 (Sigma-Aldrich). Inhibitor cocktails were diluted as recommended in the attached protocols. Cells were lysed for 20 min while being cooled on ice. The lysates were then stored in liquid nitrogen until needed.
Preparation of samples for 2-D electrophoresis
All of the samples were purified using a 2-D Clean-Up Kit (GE Healthcare) following the manufacturer's instructions. This protocol uses precipitation with trichloroacetic acid, washing with acetone and subsequent dissolution of precipitated proteins (urea, thiourea, CHAPS) in Protein Extraction Buffer-V containing 2% Protease Inhibitor Mix (GE Healthcare). Because of the excess of lipids in the samples, purification was performed twice. Protein concentrations were determined using a 2-D Quant Kit (GE Healthcare) that was compatible with both detergents and the thiourea present in Protein Extraction Buffer-V.
2-D electrophoresis: isoelectric focusing
A GE Healthcare IPGphor focusing unit was used for isoelectric focusing of samples loaded on 7-cm long pH 4-7 Immobiline Dry Strips. Each strip was rehydrated for at least 24 h with 125 μl of the diluted protein sample, which contained 125 μg of protein, 2.5 μl of 0.1% bromophenol blue solution, 2 μl of IPG buffer at pH 4-7 (GE Healthcare), and 2.5 μl of 1 M dithiothreitol solution in Protein Extraction Buffer-V. After rehydration, the pH 4-7 strips were focused at 20ºC with a limited current of 50 μA/strip using the following conditions: gradient 0→150 V for 1 h, 150 V for 1 h, gradient 150→300 V for 1 h, 300 V for 2 h, gradient 300→1200 V for 3 h, 1200 V for 1 h, gradient 1200→3500 V for 5 h, and 3500 V for 5.5 h.
2-D electrophoresis: equilibration
After isoelectric focusing, the strips were equilibrated for 20 min in a buffer containing 6 M urea, 30% glycerol, 4% SDS, 50 mM Tris (a stock solution of 1.5 M Tris-HCl at pH 8.8) and 2% DTT. This was followed by equilibration in the same buffer with 2.5% iodoacetamide instead of DTT for another 20 min. Subsequently, the strips were placed and sealed on top of 0.5% agarose gels containing bromophenol blue.
2-D electrophoresis: SDS-PAGE
The vertical electrophoresis dimension was run on a Bio-Rad Mini-PROTEAN Tetra cell. Separation was carried out using 10% polyacrylamide gels with 4% stacking gels. Gels were run at a constant voltage of 50 V until the blue line reached the bottom of the gels (approximately 3 h). After running the second dimension, each gel was washed three times for 5 min each time in distilled water and then stained overnight in 50 ml of colloidal Coomassie blue solution [16] .
Gel image and analysis
After staining, the gels were scanned using a calibrated UMAX PowerLook 1120 scanner running LabScan software (both GE Healthcare). The gels were analyzed using Image Master 2D Platinum 6.0 software (GE Healthcare). Differences between the corresponding spots were analyzed in each set of gels (i.e., adipocytes cultured on Sarstedt fluorocarbon-bottomed dishes and Corning polystyrene dishes) and spots with a twofold or higher average difference in expression between cell lysates were selected. Spots with significantly different staining intensities were cut and sent for mass spectrometry analysis.
Enzymatic digestion
Coomassie blue-stained protein spots were excised from gels, cut into small pieces and destained using 50 mM 4-ethylmorpholine acetate (pH 8.1) in 50% acetonitrile (MeCN). After complete destaining, the gels were washed with water, reduced in size by dehydration in MeCN and then reconstituted in water. The supernatant was removed and the gel was partly dried in a SpeedVac concentrator. Gel pieces were then incubated overnight at 37ºC in a cleavage buffer containing 25 mM 4-ethylmorpholine acetate, 5% MeCN, and 100 ng trypsin (Promega). The resulting peptides were extracted with 40% MeCN/0.1% TFA (trifluoroacetic acid).
MALDI mass spectrometry and protein identification
An aqueous 50% MeCN/0.1% TFA solution of α-cyano-4-hydroxycinnamic acid (5 mg/ml; Sigma-Aldrich) was used as a MALDI matrix. One μl of the peptide mixture was deposited on a MALDI plate, allowed to air-dry at room temperature and overlaid with 0.4 μl of matrix. Mass spectra were measured using an Ultraflex III MALDI-TOF (Bruker Daltonics) with a mass range of 700-4000 Da, calibrated internally using the monoisotopic [M+H] + ions of trypsin auto-proteolytic fragments (842.5 and 2211.1 Da). The peak lists, created using flex Analysis 3.3 software, were searched using an in-house MASCOT search engine against the SwissProt 2014_11 database subset of mouse proteins with the following search settings: peptide tolerance of 30 ppm; missed cleavage site value set to one; variable carbamidomethylation of cysteine; oxidation of methioninel and protein N-term acetylation. Proteins with MOWSE scores over the threshold of 56 (calculated for the settings used) were considered as identified. If the score was lower or only slightly higher than the threshold value, the identity of the protein candidate was confirmed using MS/MS analysis.
Statistical analysis
The statistical significance of the changed expression of individual spots on 2-D electrophoresis gels was determined using Student's t-test. Pathway analysis of identified proteins was performed using Ingenuity Pathways Analysis (Qiagen). The statistical significance was set at p < 0.05.
RESULTS
2-D electrophoresis and MALDI-TOF mass spectrometry
The expression profiles of proteins with isoelectric points within a pH range of 4.0-7.0 and a molecular mass between 20 and 150 kDa were highly reproducible for adipocytes cultured on both polystyrene and fluorocarbon surfaces relative to the individual sets of samples. However, there was remarkable diversity between the protein profiles of adipocytes from the polystyrene dishes and adipocytes from the fluorocarbon dishes relative to each other. The average number of spots detected on 2-DE gels with adipocytes from polystyrene cultureware was over 500, but only about 400 on gels with adipocytes from fluorocarbon cultureware (Fig. 1) . The gels were matched using Image Master software followed by a manual check of accuracy. Differences in the intensity of corresponding spots were analyzed for each pair of gels (polystyrene vs. fluorocarbon), and spots with a 2-fold higher or 2-fold lower intensity were considered to represent proteins with changed expression. In total, 43 ± 3% of all matched spots were identified as spots with changed expression. Subsequently, 30 spots were chosen from differentially expressed proteins based on the quality of the 2-DE separation (and thus the ease of their precise removal from the gel) for mass spectrometry analysis and identification. The results are summarized in Table 1 . Most of the identified proteins are structural or are involved in glucose metabolism or mitochondrial metabolic pathways. figure) were calculated using Fisher's exact right-tailed test. The significance indicates the probability of association of molecules from the dataset with the canonical pathway by random chance alone. The numbers at the tops of the bars indicate the total number of entities assigned to a particular pathway. (C -cytosol, M -mitochondria, G -Golgi apparatus, ER -endoplasmic reticulum, N -nucleus).
Pathway analysis, hydrophobicity of materials and basal lipolysis
To further understand the functional consequences of choosing one of the two cultureware surfaces, the dataset of identified proteins was subjected to pathway analysis using the Ingenuity Pathway Analysis tool. Culturing cells on the fluorocarbon surface downregulated proteins of multiple canonical pathways, particularly 14-3-3-mediated signaling proteins associated with the unfolded protein response pathway, oxidative stress responses and metabolic pathways (Fig. 2) . Subsequently, the role of the detected proteins in signaling and metabolic networks was investigated with specific interest in proteins that appear in strategic locations in such networks, and thus represent "nodes" that can influence or interact with many other proteins within the cell. This analysis suggested that mitofilin (MIC60_MOUSE), a key member of the mitochondrial inner membrane organizing system (MINOS), was a centrally located node with projections into several pathways, including substrate metabolism and mitochondrial electron transport (Fig. 3) . Fluorocarbon dishes showed higher hydrophobicity than polystyrene dishes (water contact angle 66.9 ± 1.2° versus 48.1 ± 1.0°). Preadipocytes differentiated on polystyrene cultureware showed 3.6-fold higher basal (unstimulated) lipolysis compared to cells grown on fluorocarbon cultureware (0.33 ± 0.05 versus 1.50 ± 0.06 µmol glycerol/mg lipid/180 min, p < 0.05; Fig. 4 ). Differences in cell shape and microscopic morphology of lipid droplets are depicted in Fig. 5 . 
DISCUSSION
This study revealed profound effects of cultureware surfaces on the proteomic profiles of 3T3-L1 differentiated preadipocytes. The expressions of 43% of the visualized intracellular proteins was differentially affected by cultureware. Among the metabolic and structural properties of preadipocytes, pathway analysis revealed that proteins involved in mitochondrial morphology and cytoskeletal organization were most often affected, raising substantial implications for the design and interpretation of in vitro experiments. The technique of in vitro cell culture was developed in the early 20th century, and it was later recognized that culture dish surfaces can play an important role in cell proliferation, cell shape and cytoskeletal organization [12] . For example, hydrophilic surfaces enhanced cell adhesion compared to hydrophobic surfaces [17, 18] , and an increased amount of hydroxyl groups on polystyrene surfaces enhanced cell growth and adhesion [9, 19] . Cell culture experiments are widely used to investigate structural, functional and metabolic responses of cultured cells, but the impact of cultureware surfaces on such variables is unclear. Our study demonstrated profound differences in protein expression due to cultureware material, with cell structure, redox status and substrate metabolism being involved. Among the differentially expressed proteins, 2.43-fold upregulation of mitofilin (mic60), a member of the MINOS (mitochondrial inner membrane organizing system, also known as MICOS) complex, attracted our attention due to its interaction with several processes, as revealed through network analysis (Fig. 3) . Mitofilin represents a key component required for anchoring mitochondrial cristae to the inner mitochondrial membrane and maintaining mitochondrial architecture [20] . The absence of mitofilin is associated with cristae detachment from the inner membrane, reduced inner membrane potential and impaired growth [20] . We suggest that through its direct binding with subunits of mitochondrial complex II and ATP synthase, changes in mitofilin expression might significantly modify oxidative metabolism, as previously reported [20, 21] . Additionally, pathway analysis identified metabolism in general and mitochondrial metabolism specifically as altered processes. A second group of proteins notably affected by cultureware was the family of 14-3-3 proteins, which are a highly conserved set of regulatory proteins expressed in all eukaryotic cells. Among these, 14-3-3 gamma -a protein directly modifying the activity of the insulin signaling pathway [22, 23] -was significantly downregulated on fluorocarbon cultureware. Additionally, 14-3-3 gamma binds to tubulin, another protein that was also downregulated by the fluorocarbon interface [24] . It has been recently recognized as an integral component in numerous intracellular signaling pathways [25] including HIF (hypoxia-inducible factor) stabilization [26] and FoxO transcription factors (Forkhead box O proteins) [27] , which are important regulators of adipocyte differentiation [28] [29] [30] . FoxO proteins are primarily activated by phosphorylation (via Akt kinase) and subsequently negatively regulated by binding interactions with 14-3-3 proteins, including gamma isoform [31] [32] [33] . Vimentin, another cytoskeletal component that is downregulated on fluorocarbon cultureware, has been shown to regulate MAPK/ERK signaling [34, 35] and to sequester 14-3-3 proteins and modify their ability to interact with other substrates, including FoxO [36, 37] . Based on these observations, we hypothesize that cells cultured on fluorocarbon surfaces might exhibit decreased FoxO activation, resulting in limited adipogenesis, insulin resistance and possibly modified rates of lipolysis. Future functional experiments are necessary to confirm these speculations. Possible mechanisms mediating differences in proteomic profiles include adhesion molecules responsible for cell-to-surface and cell-to-cell binding, as they are closely linked to intracellular signaling [38, 39] . For example, a recent study showed that poly(ethyl-acrylate (PEA) surfaces, but not poly(methylacrylate (PMA) surfaces promoted formation of fibrillar structures of fibronectin (a key adhesion molecule) and led to better adhesion of 3T3-L1 cells with enhanced focal adhesion-kinase (FAK) signaling, which influenced cell migration, survival, proliferation and differentiation in various cell types [40] [41] [42] [43] . Furthermore, appropriate intracellular formation of actin and vinculin filaments and activation of intracellular signaling pathways (e.g. FAK, MAPK/ERK) are proportionally associated with the presence of hydroxyl groups at the material interface surface [40, 44] . Besides differences in the chemical properties of cultureware, it should be noted that fluorocarbon cultureware dishes are also characterized by higher O 2 and CO 2 permeability, which might contribute to some of the previously described disparities. Adsorption of extracellular matrix proteins to the cultureware surface, followed by anchoring of the cell mainly through integrin receptors, represents a key factor in the cell attachment to the surface. The higher hydrophobicity of fluorocarbon cultureware used in this study, as demonstrated via water contact angle measurements, is characterized by lower protein binding and decreased cell adhesion compared to less hydrophobic surfaces, such as polystyrene [45] [46] [47] . It should be noted that this effect is also modified by the type of cell line used [45, 46, 48, 49] ; for example, astrocyte growth seems rather insensitive to cultureware chemistry [50] . Specifically, preadipocytes were shown to adhere optimally on moderately hydrophilic surfaces with a water contact angle of 20-40 degrees [12] , similar to the values of fluorocarbon cultureware used in our study. Furthermore, it has been demonstrated that not only the total amount of adsorbed proteins, but also their tertiary structure is modified by binding to hydrophobic as well as charged surfaces, which might further reduce cell adherence and growth. Our study extends these observations and provides evidence that metabolic functions (lipolysis) and cell structure are also strongly modified by the cultureware surface. Even though proprietary modification of cultureware surfaces including radiofrequency glow discharge [51, 52] , pre-adsorption of specific amino acid sequences or construction of surfaces exposing various functional terminal groups [53] is employed in commercially manufactured cultureware to optimize cell growth [54, 53] , researchers should be aware that cellular function and responses might be determined by similar parameters as global cell adherence and growth. Besides hydrophobicity, additional surface properties exert an important influence on cultured cells. For example, higher elasticity of fluorocarbon (480 MPa versus 3 GPa for polystyrene [55] ) might lead to micro-mechanical stimulation (shrinkage or prolongation) of cells during cultureware manipulation or media exchange, and subsequently trigger specific intracellular signaling and adaptations in cultured cells [56] . In fact, elastic stress was shown to induce changes in cytoskeleton [56] , components of which were found to be differentially expressed in proteomic profiles presented in this study.
Additionally, surface electric charge can significantly modify matrix protein adsorption [57, 58] . Using fibroblasts (cells similar to the 3T3-L1 cell line used in our work), a previous study showed that growth is enhanced on surfaces with a lower negative charge, but non-polar fluorocarbon also limited cell growth [46] . It should be emphasized that our study is limited by describing differences between two cultureware surfaces with substantially different chemical and physical properties. Even though we demonstrated differences in the protein expression of dozens of proteins, caution should be exercised when extrapolating to other cultureware surfaces. Although we identified 30 proteins based on their differential expression, the majority of proteins remain unidentified, and the functions and structures they represent remained undetermined. Additionally, the results presented in this paper were derived from in vitro culture of 3T3-L1 preadipocytes. While this is a widely used cellular model for adipocytes, it is not known whether similar effects would be observed with human preadipocytes or primary adipocytes or what implications such observations have for adipose tissue-derived stem cells used in regenerative medicine [59] . In summary, we demonstrated that cultureware surfaces regulate the expression of multiple proteins, including those involved in substrate metabolism, mitochondrial structure and cell differentiation. These effects should be reflected in the design of in vitro experiments and the interpretation of results obtained from different laboratories. Further research is needed to identify factors responsible for variable expression of proteins in cells cultured on different cultureware and then to leverage the knowledge into a better understanding of adipocyte biology in the hope of finding new obesity treatment options.
